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Abstract 
Displacement of the apical 
stereociliary bundle of cochlear hair cells 
mechanically gates transducer channels. 
Knowing the position of the channels with 
regard to the apical structures of the hair 
cell could indicate how this mechanism 
operates. At present, there is conflicting 
evidence regarding their precise location; 
the channels have been suggested to be 
located either towards the base of the 
stereocilia or at the tips where they could 
be operated by extracellular links running 
from the top of shorter stereocilia to the 
sides of adjacent taller ones. The channels 
have been shown to be reversibly blocked by 
amiloride. This has prompted us to use a 
polyclonal antibody raised against another 
amiloride-sensitive channel to search for 
them using immunolabelling. The location 
of the primary antibody has been revealed 
using pre-embedding labelling with a 
colloidal gold-conjugated secondary 
antibody followed by scanning transmission 
electron microscopy of semi-thin sections. 
In this way, more complete information on 
the relationship of the labelling to the 
three-dimensional organisation of the 
stereociliary bundle has been obtained in 
comparison with previous 
immunofluorescence and transmission 
electron microscopic results. Labelling 
occurs in discrete areas towards the tips 
of the stereocilia, one of the possible 
sites for the transducer channels, 
predominantly between the membranes of 
shorter and taller stereocilia. 
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Introduction 
The hair cells of the 
acousticolateralis system of vertebrates 
are morphologically specialised; they have 
an apical bundle of stereocilia ai;ranged in 
serried rows. Deflections of the 
stereociliary bundle control the opening of 
mechanoelectrical transduction channels. 
Depolarising receptor potentials are 
generated when the bundle is displaced in 
the direction of the tallest row of 
stereocilia, and hyperpolarising receptor 
potentials are generated by displacement in 
the opposite direction ( for review, see 
Hudspeth, 1985). Deflection in the 
excitatory direction activates a membrane 
conductance, probably a relatively 
non-selective ion channel that allows the 
passa~e of monovalent cations such as Na+ 
anq+K as well as divalent cations such as 
Ca (Corey and Hudspeth, 1979). Although 
the channels are not selectively permeable 
for a particular cation, they have recently 
been shown to be reversibly blocked by the 
diuretic, amiloride (J0rgensen and Ohmori, 
1988). 
The precise location of the transducer 
channels is a matter of considerable 
interest since it could indicate how they 
are gated by the movements of the 
stereociliary bundle. One view is that the 
channels occur at the bases of the 
stereocilia. This hypothesis is supported 
by recent measurements of changes in calcium 
levels detected by using the fluorescent 
dye Fura-2 during the mechanical 
stimulation of the bundles of isolated hair 
cells (Ohmori, 1988) which showed calcium 
ions, and also manganese ions which can 
carry the transduction current, apparently 
entering the stereociliary bundle at its 
base. 
An alternative view is that the 
channels are situated towards the distal 
ends of the stereocilia. This is supported 
by experiments measuring the extracellular 
field potential produced by the 
transduction current around stereociliary 
bundles as they were mechanically 
stimulated; the current flow was shown to 
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be greatest near the stereociliary tips 
(Hudspeth, 1982). This hypothesis has also 
gained support from anatomical 
observations. The stereocilia on hair 
cells have been shown to be linked laterally 
by filamentous material ( Flock et al., 1977; 
Neugebauer and Thurm, 1985). Single 
strands also run from the apices of short 
stereocilia to the sides of the next 
stereocilium in the row behind (Pickles et 
al., 1984), with submembraneous 
electron-dense patches associated with 
either end (Furness and Hackney, 1985). It 
has been suggested that displacement of the 
stereociliary bundle in the excitatory 
direction places tension on the tip links 
and hence their attachments at the tips and 
sides of the stereocilia. This increases 
the rate of opening of ion channels in the 
membranes at these points, thus mediating 
transduction (Pickles et al., 1984). 
There is therefore conflicting 
evidence for the site of the transducer 
channels and their gating mechanism, and 
attempts to localise them have so far been 
hampered by the fact that all the agents 
known to block them do so reversibly. The 
action of amiloride falls into this 
category, so we have instead attempted to 
locate the amiloride-binding protein now 
thought to be associated with the transducer 
channels in cochlear hair cells by using a 
polyclonal antibody raised against an 
amiloride-sensitive channel purified from 
bovine kidney (Tousson et al., 1989). This 
itself has been revealed by secondary 
antibodies conjugated to colloidal gold. 
Here we describe the distribution of the 
labelling determined by using 
scanning-transmission electron microscopy 
(STEM) and compare this with the results we 
obtained previously (Hackney and Furness, 
1991) using both epifluorescent microscopy 
and standard transmission electron 
microscopy (TEM). STEM has been utilised 
because it permits observation of 
relatively thick sections at high 
resolution and hence readily provides 
information on the localisation of the 
restricted labelling on the stereocilia 
with respect to the three-dimensional 
organisation of the bundle. 
Materials and Methods 
Adult guinea pigs were killed by an 
overdose of sodium pentobarbitone (200 
mg/kg, I. P.) . The bullae were removed 
rapidly and the cochleae opened and fixed 
with 2% paraformaldehyde in O .1 M phosphate 
buffer (pH 7.4) for 40 min, followed by 1% 
paraformaldehyde in the same buffer for 7 
min. Overlying the cochlear sensory 
epithelium is an acellular structure called 
the tectorial membrane which was removed to 
allow unrestricted access of the antibodies 
to the hair cell apices. The cochlea was 
then dissected into segments. After 
pre-blocking in 1% bovine serum albumin in 
phosphate-buffered saline (BSA-PBS) for 35 
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min at 37°C, the cochlear segments were 
incubated with the primary antibody,a 
polyclonal raised in rabbit against an 
amiloride-sensitive epithelial sodium 
channel from bovine renal papillae (Tousson 
et al., 1989), at a dilution of 1: 4 in 
BSA-PBS for 35 min at 37°C, then washed and 
incubated with anti-rabbit secondary 
antibody conjugated to colloidal gold 
particles, 10 nm in diameter (diluted 1:20 
in BSA-PBS) for 5 hat room temperature. 
Specimens were then washed in buffer, 
Fig, 1, Transmission electron micrograph 
of an oblique ul trathin section through an 
outer hair cell bundle showing d i screte 
patches of colloidal gold labelling in the 
regions of the stereocilia distal to the 
hair cell apex. A few scattered gold 
particles can be seen at the edge of the 
cuticular plate (arrows) . Scale bar = 0. 5 
µm. Inset: detail showing the tip of a 
shorter stereocilium and the side of the 
taller stereocilium in the row behind. 
This shows colloidal gold labelling 
between them at a point just below t he tip 
of the shorter one. Scale bar= 0.5 µm. 
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refixed in 2.5% glutaraldehyde and then 1% 
OsO4 in O. 1 M sodium cacodylate buffer 
containing 2 mM CaCl2 (pH 7.4), prior to 
dehydration and embedding in resin. 
Controls were performed in which the primary 
antibody was omitted, but which were 
incubated with the gold-conjugated 
secondary antibodies under the same 
conditions as before. For TEM, ultrathin 
sections were cut at 80-100 nm and stained 
conventionally using uranyl acetate and 
lead citrate. These were examined using an 
accelerating voltage of 80 kV in a JEOL 100 
CX electron microscope. For STEM, sections 
were cut at O. 5 - 2 µm thick, carbon coated, 
and examined at an accelerating voltage of 
100 kV with an ASID.4 scanning attachment 
in STEM mode on the same microscope. 
Fig. 2: Montage of three STEM micrographs 
of a 1 µm thick section showing positive 
labelling of outer hair cell stereocilia. 
Gold particles are seen mainly on the distal 
portions of the stereocilia. The labelling 
is most concentrated on the tips, and on 
the side of the taller stereocilia usually 
adjacent to the tips of the shorter ones. 
Scale bar= 0.5 µm. 
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Results 
In transmission electron microscopy 
of ultrathin sections cut parallel to the 
long axis of the hair cell, colloidal gold 
labelling was observed predominantly near 
the tips of the stereocilia and in discrete 
patches on their sides (Fig. 1) . This 
labelling appeared to be closely associated 
with the stereociliary membrane. Some 
diffuse labelling was also occasionally 
seen associated with the cuticular plate 
either at or just below the apical membrane 
of the hair cells (arrows - Fig. 1). No 
labelling was observed in any other part of 
the cell. In thicker (1 µm) sections cut 
in the same plane, it was possible to readily 
obtain the entire length of one or more 
stereocilia as these structures are 
approximately 0.2 µmin diameter. Using 
STEM to view these sections permitted a more 
complete view of the extent of the labelling 
on individual stereocilia than was feasible 
in ultrathin sections without serial 
sectioning and 3-dimensional 
reconstruction . The STEM images confirmed 
Fig. 3: STEM of control outer hair cell 
showing the absence of non-specific 
labelling by the gold conjugated secondary 
antibody around the stereocilia. Scale bar 
= 0.5 µm. 
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that although the labelling was found in 
varying positions in the distal portion of 
the stereocilia, usually appearing in the 
upper third to half of the length, it was 
frequently located at the point where the 
membrane of a shorter stereocilium came 
closest, just below its tip, to the taller 
one behind it (Fig. 2), confirming the 
impression obtained in TEM. It was also 
observed to occur along the sides of the 
stereocilia and, interestingly, at the 
apices of the tallest stereocilia. No other 
major clumps of gold particles were found 
in the hair cells other than those 
associated with the distal regions of the 
stereociliary bundles. No labelling was 
observed in thick sections of hair cells 
from cochlear segments when the primary 
antibody had been omitted, and the 
gold-conjugated secondary antibody was 
applied alone (Fig. 3). 
Discussion 
We have attempted here to localise the 
mechanoelectrical transducer channels in 
the hair cells of the mammalian cochlea by 
searching for the amiloride-binding protein 
which may be associated with them. The 
polyclonal antibody raised against an 
amiloride-sensitive ion channel in bovine 
renal papillae used here produces a very 
striking labelling pattern on hair cell 
stereociliary bundles, and may thus be 
revealing proteins common to the cochlear 
transduction channel and the epithelial 
sodium channel. The pattern of colloidal 
gold labelling observed using STEM confirms 
results obtained with the same primary 
antibody and immunofluorescent labelling, 
where fluorescence was seen to occur 
predominantly at the ends of the stereocilia 
distal to the apex in both inner and outer 
hair cells (Hackney and Furness, 1991). It 
also extends our initial TEM observations 
since STEM of thicker sections confirms that 
labelling is confined to the upper regions 
of the stereocilia. The results are 
consistent with the conclusions of Hudspeth 
(1982), that the transducer channels are 
near the tips of the stereocilia, although 
the labelling does not appear to necessarily 
coincide with either end of the tip link, 
often being found between the membranes of 
shorter and taller stereocilia and at the 
tops of the tallest stereocilia. The 
diffuse labelling of the cuticular plate 
region is not specifically associated with 
the membrane and could possibly represent 
the presence of channel precursors in that 
portion of the hair cell. . 
This work represents a preliminary 
attempt at the anatomical localisation of 
the transducer channels in cochlear hair 
cells, and other possible explanations for 
the results obtained so far must be 
considered. Firstly, the apical surface of 
the hair cells is known to be covered by an 
extensive glycolcalyx (see e.g. Lim, 1986; 
Santi and Anderson, 1987) which might result 
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in non-specific attachment of large protein 
molecules such as antibodies or of particles 
such as colloidal gold to the stereocilia. 
However the lack of staining obtained when 
segments were incubated with the colloidal 
gold-conjugated secondary antibody alone, 
suggests that this is not the explanation 
of these results. Secondly, the use of a 
polyclonal antibody could mean that some 
component of the cell membrane other than 
the transducer channel was being labelled, 
but there are several reasons for thinking 
that this is not the case. One is that the 
highly localised nature of the staining 
suggests a specific protein is being 
recognised. Another is that although the 
antibody is polyclonal, it was raised to a 
highly purified version of the epithelial 
sodium channel (Tousson et al., 1989). 
Finally, preliminary experiments using the 
methods of Garty and Edelman (1983) have 
shown that amiloride can protect the 
antibody-binding site from removal by 
trypsinisation. When amiloride is present 
during incubation with trypsin, the tissue 
can subsequently be labelled normally with 
the antibody; if amiloride is absent, the 
labelling is reduced (Hackney and Furness, 
personal observations) . Thus it seems 
likely that this antibody is labelling 
amiloride-binding sites. 
The interpretation of our results 
depends on amiloride-binding sites being 
directly associated with the transducer 
channels and that no other such sites occur 
in hair cells. The concentration of 
amiloride required to block transduction is 
2 orders of magnitude higher than that 
required to affect sodium channels in sodium 
transporting epi thelia ( J.¢rgensen and 
Ohmori, 1988), and is more like that needed 
to block another possible amiloride-binding 
site, the Na+-H+ anti-porter (Benos, 1982). 
However, the antibody is unlikely to be 
recognising the latter, since it fails to 
label mammalian renal proximal tubules, 
where there is a high density of the 
anti-porters, whilst it does label the 
apical plasma membrane of the medullary 
collecting duct principal cells which have 
functional Na+ channels and are involved in 
Na+ homeostasis (Brown et al., 1989; Tousson 
et al., 1989). The level needed to block 
transduction is rather less than that needed 
to block either Na+ /Ca+ exchangers 
(Kaczorowski et al., 1985) or T- or L-type 
ca+ channels (Tytgat et al., 1990) and there 
is no evidence that the antibody recognises 
proteins associated with these systems in 
other tissues. It therefore seems likely 
that the antibody recognises an 
amiloride-binding site associated with the 
transducer channel in hair cells. However, 
the fact that we have used a polyclonal 
antibody means that we must check whether 
this antibody is specific to proteins which 
are associated only with the transducer 
channel and which do not occur elsewhere in 
the hair cell. If this proves to be the 
case, then this antibody could provide 
Immunolocalisation of hair cell transduction channels 
a means by which the channel proteins can 
be isolated for detailed analysis of their 
structure and composition. 
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Discussion with Reviewers 
B . Bohne: With this technique, could it be 
determined that all or nearly all 
stereocilia on a given hair cell had the 
same pattern of labelling? 
Authors: Yes, by examining serial sections 
we were able to reconstruct most of the 
bundle for a given hair cell, and found that 
the labelling occurred on nearly all 
stereocilia in the locations illustrated in 
Fig. 1. 
B. Bohne : Have you used the same technique 
to examine the stereocilia and identify 
putative transducer channels on the inner 
hair cells? If so, what did you find? 
Authors: The technique labels segments of 
the organ of Corti which include both inner 
and outer hair cells . However, removal of 
the tec t orial membrane appears to result in 
more substantial disrupt i on of the 
stereociliary bundles of the inner hair 
cells compared with the outer hair cells, 
for reasons which are not yet clear. Thus, 
i t is more difficult to obtain appropriate 
views of the stereocilia in relation to one 
another and to illustrate the position of 
the transducer channels clearly. We have, 
nevertheless, seen evidence of labelling in 
inner hair cells, using both transmission 
electron microscopy and fluorescence 
microscopy, in positions which are 
consistent with our findings for outer hair 
cells and it is now a question of refining 
our preparation in order to demonstrate the 
same pattern for inner hair cells as 
clearly. 
L,H, Bannister; It is possible that 
non-specific labelling of primary antibody 
occurred, and an appropriate control would 
be to use an irrelevant antibody in the 
first incubation. Has this been done? 
Authors; Since the polyclonal antibody is 
the IgG fraction taken from rabbit serum, 
one control is to use in place of the primary 
an IgG fraction (which contains many 
irrelevant antibodies) from a rabbit that 
has not been given the relevant antigen. 
We have already carried out this control at 
the EM level and we have observed no 
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non-specific binding of IgG in the locations 
described here. 
L.H. Bannister: Have you attempted to label 
unfixed hair cells, which might give a more 
uniform localisation? 
Authors: We have considered labelling 
unfixed hair cells but, in our experience, 
the difficulty with adult guinea-pig organ 
of Corti is that even very short periods of 
post-mortem isolation can lead to 
substantial changes involving blebbing of 
the apical membrane above the cuticular 
plate and fusion of stereocilia. These 
observations would suggest that extensive 
alterations may occur very rapidly in the 
hair cell apical membrane, which would make 
accurate interpretation of the distribution 
of any labelling there very difficult. The 
alternative is to label more robust hair 
cell preparations without fixation, such as 
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the acousticolateralis organs of lower 
vertebrates or mammalian organ cultures. 
Preliminary attempts at these alternatives 
are currently in progress but the data are 
not yet available. 
B. Bohne: Do you think that this technique 
could be applied to the study of 
transduction channels in hair cells from 
damaged cochleas? 
Authors: Certainly it should be possible 
to apply the labelling technique to damaged 
cochleas. We now wish to develop 
quantitative techniques in order to relate 
the distribution and number of gold 
particles to the expected number of 
channels. Application of these techniques 
may enable us to show whether damaged 
cochleas have any alterations in the 
distribution or number of transducer 
channels . 
